polymer interface is influenced by the structure and chemical properties of material and can be, therefore, influenced by heat treatment, chemical etching or exposure of polymer to inert or reactive plasma before the metallization itself [9] . Also other methods for ripple nanopatterning have been proposed recently, which are based on the combination of plasma treatment, metallization and subsequent heating [10] [11] [12] . Polystyrene is a thermoplastic polymer widely used in many technological fields, such as micro-electronics, LOC (lab-on-chip) devices, membranes and scaffolds for cell cultivation [13] . The important PS properties are hardness, stiffness, easiness in thermal manufacturing and excellent thermal and electrical properties, they are easily applicable as insulators [14] . Functional properties are affected by low surface energy, hydrophobicity and low reactivity of this polymer. For suppression of last mentioned properties, and therefore improvement of adhesive potential of such substrate it is possible to use multiple approaches, such are e.g. plasma treatment or exposure by UV-lamp, so that the surface layer could be altered [15] . Increase of surface energy induced by these methods influences not only the adhesion, but also its tribological properties [16] . Laser beam allows performing precise changes of only small fragments or thickness of surface layer [17] . UV light can also induce several chemical reactions, which may alter the amount of surface polar groups on the surface [18, 19] . Nanosecond pulses of UVbeam of high energy lead to creation of significantly higher amount of radicals on the surface. Due to time dependence of diffusion processes in gas phase and surface layer cannot be the radicals fully saturated by reaction with air oxygen, therefore the recombination processes take place [15] . Physico-chemical processes connected with changes induced by laser beam are not still yet fully understood and are subject of continual intensive research [20] . Considerable attention has been devoted to laser assisted patterning and treatment of PS in connection with its application in research field of cell cultivation [21] . Changes of surface properties induced in the PS layer by ArF excimer laser were recently presented [22] . PET foils have been also treated with excimer lasers and the ripple pattern has been constructed [23, 24] . Papers regarding the nano-pattern formation on PS have been already published [21, 22, 25, 26] . Also their applications in cell biocompatibility were proposed [15, 21, 27] . The main motivation and novelty of the work is the detail study of PS wettability and ageing, morphology and zeta-potential changes induced by KrF laser, which are presented in this paper in detail. Also the growth of the consequently sputtered metal layers is described. The changes in the surface morphology were studied with atomic force microscopy (AFM), chemical structure was analyzed with X-ray induced photo-electron spectroscopy (ARXPS) and zeta potential measurement. Consequent metallization with gold nanolayer on selected pattern was performed and studied with AFM.
Materials and methods
Oriented PS foils with a thickness of 50 µm (T m2 40°C, T g~ 100°C, supplied by Goodfellow Ltd., UK) were used. The PS samples were treated with a KrF laser (Lambda Physik Compex Pro 50, wavelength of 248 nm, repetition rate 10 Hz). For the sake of homogeneity only central part of the beam profile, defined by an aperture 5"10 mm, was used for the irradiation. The samples were mounted onto a translation stage and scanned perpendicularly to the sample surface normal under ambient atmosphere (irradiation in air). The laser fluence used in present experiment was in interval 6-14 mJ·cm -2 , number of pulses varied from 200 to 8000, applied frequency was 10 Hz. The optical table Performance 07OTM501 (Melles Griot) with air pressured outriggers was used. For the polarization the cube of UV grade fused silica 25"25"25 mm 3 with active polarization layer was used. Optical path was constructed from dielectric mirrors from SiO 2 for reflectance 248/633 nm. The stage with the samples was directed by Laser XY software, the motorized shift NRT100/M2 (Melles Griot). The gold layers on pristine and laser treated PS (original dimensions of non-treated sample 2"2 cm 2 , the treated area 0.5"1 cm 2 ) were deposited from a gold target (99.999%) by means of diode sputtering technique (BAL-TEC SCD 050 equipment). Typical sputtering conditions were: room temperature, time 300 s, total argon pressure of about 5 Pa, electrode distance of 50 mm and current 40 mA. For the layer thickness measurement the gold was deposited under the same conditions on a Si (100) substrate. The gold layer thickness was determined from scratches (steel needle) measured with AFM. Typically five measurements on three scratches each were accomplished on each sample. The thickness of the gold layer sputtered under above described conditions was 100±10 nm. The surface morphology was examined using the AFM. The AFM images were taken under ambient conditions on a Digital Instruments CP II set-up. The samples were mounted on a sample holders using double-sided adhesive tape. The 'tapping mode' was chosen for the measurements to minimize damage to the samples surfaces. A Veeco oxide-sharpened P-doped silicon probe RTESPA-CP attached to a flexible micro-cantilever was used near its resonant frequency of 300 kHz. The scans were acquired at ambient atmosphere at a line scanning rate of 1 Hz. All surfaces were characterized both quantitatively by measuring the mean roughness (R a , 10"10 µm 2 ) and morphology. R a represents the arithmetic average of the deviations from the center plane of the sample. Four areas of each sample were scanned in order to obtain representative data. Water contact angle (CA) characterizing surface wettability was determined by goniometry. The measurements of the CA were performed using distilled water on 4 different positions (i.e. 4 droplets, droplet volume 8 µL). The water drops were applied on surface of the substrate, photographed and evaluated by three-point method using the Surface Energy Evaluation System (Advex Instruments, CR). The error of contact angle measurements did not exceed ±5°. An Omicron Nanotechnology ESCAProbeP spectrometer was used to measure ARXPS spectra. The 2"3 mm 2 area was analyzed. The X-ray source provided monochromatic radiation of 1486.7 eV. The spectra were measured stepwise with a step in the binding energy of 0.05 eV at each of the six different sample positions with respect to the detector axis, which translated into different angles (0, 67 and 81°). The spectra evaluation was carried out by using CasaXPS software. The concentrations of the elements were given in at %. Zeta potential measurements of all samples were accomplished on SurPASS Instrument (Anton Paar GmbH, Austria) by a streaming current method and Helmholtz-Smoluchowski equation for zeta potential calculation was employed. Samples were studied inside the adjustable gap cell with an electrolyte of 0.001 mol·dm -3 KCl at constant pH = 6.1. Two samples of each surface were measured four times with the relative error of 10%. Zeta potential was measured on pristine sample, and on sample treated by laser: (i) in parallel and (ii) perpendicularly to the ripple pattern to study an effect of surface roughness to surface chemistry, surface charge and zeta potential.
Results and discussion 3.1. Pattern properties and morphology
The first goal of our study was to determine the influence of different laser energies onto surface morphology when a constant number of pulses is applied. Polystyrene foils were exposed to the laser beam with fluences 6-12 mJ·cm -2 using 6000 pulses ( Figure 1 ). We determined that with increasing laser fluence a mild increase of surface roughness occurred (fluences below 10 mJ·cm -2 ) (Figure 2) . The consequent increase of laser fluence to up to 12 mJ·cm -2 is connected with rapid increase of the surface roughness. The second goal was to determine the laser fluence from which the ripple pattern appears. For treated PS the value was determined to be 8 mJ·cm -2 . If the applied laser fluence is between 9 and 10 mJ·cm -2 the fully developed ripple pattern accomplished with significant roughness increase appears. Consequent increasing of laser fluence leads to slow diminishing of ripple nano-pattern. The nanopattern diminishing is connected with the roughness decrease, since the Z-values of pattern decrease (see Figure 2 ). The dimensions of fully developed ripples were determined as follows: for laser fluence 9 mJ·cm -2 the height of the structures was (38.6±4.0) nm and the width was (250.0±12.3) nm, for fluence 10 mJ·cm -2 the observed ripple height The results of pattern depth are with excellent agreement with those obtained [21] . The width periodicity is slightly higher, may be due to higher thickness of applied polymer foil (25 vs. 50 µm [21] ). The thickness of polymer foil may influence the thermal flux, which can further lead to the slightly different results in comparison to [21] . Consequently, the whole experiment was repeated in the range of laser fluence 6-12 mJ·cm -2 for 2000, 4000 and 8000 pulses ( Figure 2 ). It was found, that for 2000 and 4000 pulses the mild roughness increase occurs. A rapid increase of surface roughness with increasing laser fluence was observed at 8000 pulses. If the laser fluence 6 mJ·cm -2 is applied the R a does not change with the increasing number of pulses significantly, while for laser fluence 12 mJ·cm -2 a rapid increase of R a is observed for 6000 pulses and above ( Figure 2 ). It appears that if the higher laser fluence is applied (9-12 mJ·cm -2 , in combination with lower number of laser pulses), the homogeneous ripple pattern is also constructed on the PS surface ( Figure 3 ). As expected, the number of pulses and laser fluence have a strong effect on ripple pattern formation [23, 24] , the combination of high laser fluence and low number of laser pulses can lead to the homogeneous ripple nanopattern on PS, which as a consequence lead to the surface roughness increase (Figure 2 and Figure 3c ).
Surface wettability and aging
The consequent metallization or cell adhesion and proliferation can be significantly enhanced or suppressed by the wettability (surface polarity) of the modified surface. Therefore we studied the surface contact angle of selected samples treated with laser fluence 6, 9, and 12 mJ·cm -2 with laser pulses in the interval 200-6000 immediately after the exposure. It was observed, that with increasing number of laser pulses as a consequence the contact angle decreases (Figure 4a ) in comparison to pristine PS, which confirms the increase of wettability after laser exposure and it is also with an agreement with work [21] . The contact angle decreases with the number of pulses up to certain value. After that a saturation value is reached and the contact angle is slightly increased with the number of pulses for some fluence (laser fluence 12 mJ·cm -2 ). The hydrophilicity is increased due to formation of surface radicals after polymer bonds breakage caused by the impact and absorption of laser beam and consequent creation of new oxygen (polar) groups [28] . The application of laser fluence 12 mJ·cm -2 leads to the minimum of contact angle for 3000 pulses, after which the slight increase of contact angle is observed again. The same trend was observed for laser fluence 9 mJ·cm -2 and 5000 pulses. Also the possible ablation effects may have an influence of the amount of oxygen groups on the modified surface [28] . Consequently the samples were treated with 6-12 mJ·cm -2 and 6000 pulses at ambient atmosphere, and the ageing procedure was followed in the interval 1-72 hours (Figure 4b ). If the laser fluence 6 mJ·cm -2 was applied, the mild increase of contact angle up to 50° was observed. The treatment with fluence 9 mJ·cm -2 induced the fluctuation in contact angle during the early stages of aging. After 24 hours of consequent aging the mild constant decrease was determined. A different situation was observed if the fluence 12 mJ·cm -2 was applied. At this laser fluence firstly a sharp increase up to 70° was observed, after achieving its maximum the following slow decrease was detected. After 72 hours the polymer surfaces can be signed as 'aged', i.e. with no further significant changes. The phenomenon of aging is connected with the amount of oxygenated groups and radicals on the modified surface and more importantly with the amount of oxygenated groups which rotated during the aging process into the polymer bulk. Also the ablation of surface modified layer may influence the different surface contact angle and its changes during the aging process. The knowledge of the aging process is of great importance, since together with the surface chemistry and morphology play an important role in biocompatibility applications [21] .
Surface chemistry
The surface chemistry was evaluated by the surface oxygen concentration determined with ARXPS. The samples treated with 6-12 mJ·cm -2 with 6000 pulses were determined ( Figure 5 ). It was confirmed ear-lier, that excimer laser exposure may lead to a significant changes in in surface chemistry of biopolymer [12, 28] . It was found, that maximum oxygen concentration was detected under perpendicular position of the sample to the detector (i.e. 0°), which means, that the data are observed mostly from the whole plane of the sample. By changing the detection angle also a penetration depth of photoelectrons changes. With increasing angle of photoelectrons detection the oxygen concentration mostly decreased. Also the difference between the particular oxygen concentrations collected for the different detection angles decreases with the increasing laser fluence. The oxygen concentration and its distribution can have a significant influence on the consequent growth of the metal structures and may also influence cell growth and proliferation positively [21] . Zeta potential diagram can describe the surface charge and surface chemistry as a function of surface morphology due to inhomogeneity of created electrical double layer when the surface is rough. The zeta-potential determination is closely related to the oxygen concentration, wettability and ability to catch and release ions, which may have a significant influence on consequent biocompatibility applications and potentially can also influence the metal layer growth. The influence of ripple pattern on zeta potential determined by streaming current method is introduced in Figure 6 . Apparently the zeta potential depends strongly on surface roughness and morphology that means on the electrolyte flow through the surface in parallel or perpendicular position to the surface ripple pattern. It is evident, that the zeta potential values of PS treated with 9 mJ·cm -2 (both 1000 and 6000 pulses) are almost similar, if the direction of the electrolyte flow applied on the PS surface is in parallel with the surface pattern structure. Rather different situation is observed, when the electrolyte is applied perpendicularly to the ripple pattern. The big difference of zeta potential evolution was achieved for 6000 pulses, when the difference in zeta potential was over 15 mV. The influence of ripple pattern on the ability of ion capturing and release was confirmed, since the PS surface treated with only 1000 pulses exhibited significantly lower difference if compared the perpendicular and parallel electrolyte flow. These differences can be caused by the amount of oxygen groups on surface. While the electrolyte flows parallel to the ripples, majority of oxygen groups created during laser treatment on surface (either on the 'hills' or in the 'valleys' of the surface) is in contact with electrolyte and electrical double layer is created homogenously on the whole surface. If the electrolyte flows perpendicularly to the ripples, the situation is different, due to the higher surface roughness electrical double layer is created only on the 'hills'.
As it was proved previously, amount of oxygen groups created by laser treatment on the surface is different on the 'hills' and in the 'valleys' significantly [29] .
Gold nanolayers deposition
The polystyrene exposed with laser fluence 6-12 mJ·cm -2 and 6000 pulses was consequently metallized with 100 nm of Au layer so that the influence of input surface morphology and chemistry on consequent metallization could be studied. The gold sputtering increases the surface roughness in the interval of laser fluences 6-10 mJ·cm -2 significantly, however on samples with no regular structure the sputtering has no such dramatic effect (Figure 7) . The effect of roughness change is opposite to those obtained on PEN [30] . This difference is probably caused by the lower homogeneity of ripple pattern, which together with differences in surface chemistry can cause different gold nanocluster formation on the PS surface. However, the ripple pattern structure created in interval 8-10 mJ·cm -2 is maintained also after gold sputtering process (Figure 8 ). For lower laser fluences the globular structure is preserved after Au metallization. On the contrary, the gold metallization does not have any significant influence on the surface roughness or pattern formation for higher laser fluences 11-12 mJ·cm -2 (Figure 8c ), because of higher ripple pattern roughness. It was also observed, that the width of the ripple pattern remains similar to that without metallization. The pattern of Au deposited foils was proved to be electrically continuous. The height of the ripple pattern increases or remains similar after Au metallization. . Dependence of PS surface roughness (10"10 µm 2 ) on laser fluence in the interval 6-12 mJ·cm -2 (treated by 6000 pulses) and the same set of samples consequently metallized with 100 nm of Au. The AFM detail structure of laser treated PS (10 mJ·cm -2 and 6000 pulses) and the same sample metallized with 100 nm of Au is also introduced.
Conclusions
A study of KrF laser treatment on PS foil surface was performed. The influence of number of laser pulses and laser fluence on surface properties (morphology, wettability and chemistry) of PS was investigated. The optimal input parameters for ripple nano-patterning with high regularity were determined. The input parameters for construction of ripple-like surface with extremely high roughness were determined. It was found that the surface roughness of PS is strongly dependent on number of pulses. The surface chemistry of exposed PS was studied with ARXPS and zeta potential measurements. It was proved, that the oxygen concentration is significantly influenced by the KrF laser exposure. The wettability strongly increases with number of pulses in comparison to the pristine PS. The aging study revealed that the higher contact angle achieves the samples treated with higher laser fluence. The PS ripple nano-pattern has a strong influence on the zeta potential of studied surface, i.e. it has the capability to influence the electrolyte flow (parallel vs. perpendicular position). The deposition of gold nano-layer increases the surface roughness of nano-patterned surface. As previously confirmed the applications of nano-patterned PS surface are promising as tissue carriers, metallized pattern can find application in construction of SERS. 
